an inverted structure (Fig. 1a) of indium tin oxide (ITO)/ poly(3,4-ethylenedioxythiophene) PEDOT: poly(styrenesulfonate) (PSS)/peroskite/ [6,6]-phenyl-C61-butyric acid methyl ester (PCBM)/Al(or Ag) [6−19]. For this type of peroskite/PCBM solar cell, generally only photons in the ultraviolet-visible range (300−800 nm) are harvested in the devices due to the medium optical band gap (~1.55 eV) of CH 3 NH 3 PbI 3-x Cl x or CH 3 NH 3 PbI 3 . Solution-processed polymer solar cells utilizing conjugated polymer and PCBM bulk-heterojunction (BHJ) blend as a light absorber are also a promising photovoltaic technology due to tunable absorption features and energy levels, as well as excellent solution processibility of the diverse polymers [20−29]. Therefore, integrating the advantages of both photovoltaic technologies into a simple photovoltaic device will be of great importance to achieve cost-effective and low temperature processed photovoltaic technologies.
INTRODUCTION
The urgent need for high-performance, large-scale, and low-cost thin film photovoltaics is driving extensive research on new light absorber materials [1] . Owing to the outstanding properties of high absorption coefficients, bipolar charge transport characteristics, low exciton binding energy, and long exciton diffusion lengths, organolead trihalide perovskites are attractive light absorbers for realizing high performance thin-film solar cells [2−5] . Rapid advances in perovskite/fullerene planar heterojunction solar cells have been achieved over the past three years. In particular, the p ower conversion efficiency (PCE) has experienced a dramatic increase in excess of 10% by utilizing ARTICLES SCIENCE CHINA Materials integrated PDPP3T:PCBM BHJ into inverted CH 3 NH 3 PbI 3 -based perovskite solar cells and found that the near-infrared (NIR) photoresponse can be enhanced; however, the efficiency did not improve. Until now, the spectral responses in the NIR region of these integrated perovskite solar cells have limited the external quantum efficiency (EQE) to below 25%. Boosting the NIR photoresponse without sacrificing the excellent efficiency of perovskite solar cells is still a great challenge in the field of hybrid solar cells. Accordingly, if the drawbacks associated with ineffective photon harvesting in the long wavelength region and improvements in the NIR EQE of the BHJ absorber can be overcome without sacrificing the primary EQE of CH 3 -NH 3 PbI 3-x Cl x absorber, we expect that the photovoltaic properties of these types of perovskite-polymer hybrid solar cells will be improved.
In this study, we successfully presented high-efficiency and broad photoresponse perovskite-polymer hybrid solar cells (PPSCs) by simply incorporating the small band gap (SBG) polymer:fullerene BHJ as an absorber (Fig. 1b) . Compared with the control CH 3 NH 3 PbI 3-x Cl x /PCBM solar cells, the novel perovskite/BHJ solar cells exhibited a ~20% enhancement to short-circuit current density (J sc ) and PCE. When the SBG polymer poly(diketopyrrolopyrrole-terthiophene) (PDPP3T) and PCBM blend was selected as the BHJ light absorber, a high photoresponse with an EQE of up to ~46% over the NIR region (800−1000 nm) was observed. This resulted in a ~20% enhancement to the J sc and PCE for perovskite/BHJ solar cells. Moreover, the BHJ absorber based on the SBG polymer is also applicable to this novel perovskite/BHJ device configuration. Our study identifies a new direction in which to integrate polymer-based and perovskite-based solar cells is more effectively.
RESULTS AND DISCUSSION
Herein, the commercially accessible SBG polymer PDPP3T (Fig. 1c) is selected due to its low band gap (E g ) of 1.30 eV, high carrier mobility of 10 −2 cm 2 V −1 s −1 ) and broad absorption spectra that extends into the NIR region [37] . In previous reports [38−43] , PDPP3T:PCBM BHJ yielded an approximately 50% external quantum efficiency (EQE) over the NIR region (800−1000 nm). Additionally, a desirable efficiency of 6% for polymer:PCBM BHJ solar cells has been reported in previous studies. The main absorption peak of the PDPP3T film is 850 nm, which is located outside the spectral coverage of the perovskite absorber. Accordingly, the above-mentioned properties make PDPP3T particularly intriguing for detailed investigation as an NIR absorber in high-efficiency and low-cost hybrid solar cells. Fig. 2 shows the absorption spectra of the pure polymer CH 3 NH 3 PbI 3-x Cl x and the stacked perovskite/ BHJ in cast films. Compared with the perovskite film, the stacked CH 3 NH 3 PbI 3-x Cl x /PDPP3T:PCBM film exhibited a red shift and complementary absorption. Besides, the absorption onset of the stacked film shifted to ~950 nm. As a result, a high J sc can be highly anticipated if the photons in the whole wavelength region are well utilized. 
SCIENCE CHINA Materials

ARTICLES
In a recent study, Zuo and Ding [36] observed a reduction in the PCE for CH 3 NH 3 PbI 3 -based solar cells after inserting a PDPP3T:PCBM BHJ layer. It has been reported that the surface roughness at the organic/perovskite interface is directly linked to the charge extraction and recombination [4, 5] . We further examined using a BHJ layer with the same weight ratio may be a main reason for the efficiency decrease. Then, we proposed that the BHJ layer in polymer solar cells could not be applied directly to the PPSCs for the same weight composition, meaning that the polymer:PCBM weight ratio may need to be fine-tuned.
To verify this presumption, we further investigated the effect of weight ratios on the performance of PPSCs. Fig.  S1 shows the current density vs. voltage (J-V) characteristic curves with PPSCs employing different weight ratios (1:2, 1:4, 1:6) for the PPSC BHJ layers. We conclude that a 1:4 weight ratio yields the best performance in PPSC devices (Table S1 ). The device parameters for the control perovskite:PCBM solar cells are also provided in Table 1 Table 1 and Fig.  S2 ), which exhibited a relatively low efficiency of 6.2%. ), confirming the accuracy of the performance evaluation. As observed from the UV-vis spectra of the PDPP3T and perovskite in the solid film (Fig. 2) , the main absorption peaks of the PDPP3T:PCBM and perovskite are quite different. Therefore, it is simple to differentiate and quantify the individual contributions from the perovskite and PDPP3T during photocurrent generation. The substantial improvement of the EQE in the NIR region offers an additional current density of ~5 mA cm −2 for the control perovskite:PCBM solar cell.
Atomic force microscopy (AFM) was performed to understand the interface contact of the BHJ for different polymer/PCBM weight ratios on perovskite films. As shown in Figs 4a−c, the surface BHJ film with a 1:4 weight ratio is rather smooth, with a minimum root-mean-square roughness (R q ) of 4.07 nm, whereas the BHJ blend films with 1:2 and 1:6 weight ratios exhibit relatively high R q values of 5.41 nm and 9.52 nm, respectively. Fig. 4d also depicts the phase image of the BHJ layer for a 1:4 weight ratio. The formation of fibrillar and bicontinuous domains provides more pathways for electron transport and enhances the cell performance [44] . This suggests that controlling over the polymer:PCBM weight ratio is critical to achieving a high efficiency in the perovskite/BHJ solar cells.
The successful application of the PDPP3T motivated further investigations into the newly designed polymers in PPSC devices. We further selected a superior SBG polymer, poly[2,7-(5,5-bis-(3,7-dimethyloctyl)-5H-dithieno[3,2-b: 2ʹ,3ʹ-d]pyran)-alt-4,7(5,6-difuoro-2,1,3-benzothiadiazole)] (PDTP-DFBT) (E g =1.38 eV, see Fig. 1c ) developed by Dou et al. [45] to verify the applicability of this method. As reported, the PDTP-DFBT exhibited a much broader and stronger EQE over the UV-vis-NIR region, which afforded a record high efficiency in tandem polymer solar cells [24] . Moreover, PDTP-DFBT simultaneously possesses a high photoresponse in the NIR region (EQE>60%) and an excellent PCE of over 8% in a simple structured polymer solar cell. Fig. 5a illustrates the typical J-V curves of the PPSC devices for an AM 1.5 G illumination (100 mW cm −2 ). We further fabricated PPSC devices based on perovskite and PDTP-DFBT:PCBM BHJ. Similarly, an improved PCE of 11.0% and a high NIR EQE of up to ~40% was realized together. Thus, a high J sc of 21.1 mA cm −2 was obtained compared with the control perovskite device.
Overall, the integration of various cases of high performance SBG polymers with complementary absorptions into the control perovskite photovoltaic device is a prom- 
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ising strategy to enhance the J sc and NIR photoresponse. Currently, the efficiency of PPSC is limited by a relatively low FF. A possible hypothesis for the reduction of the FF is that, for the perovskite layer, the carrier diffusion length and the charge mobility is much larger than that of the BHJ layer, and thus, unbalanced exciton diffusion and accumulated charge at the perovskite/BHJ interface may eventually induce exciton/carrier recombination due to the low builtin potential between ITO and Al electrodes. Further efforts should be devoted to interface engineering for this type of PPSC device.
CONCLUSION
In this study, we have successfully demonstrated a remarkable enhancement (~20%) to the J sc of the control perovskite photovoltaic devices by combining SBG polymer and perovskite as absorbers in a single solar cell device. Consequently, a considerable photoresponse in the NIR region with an EQE exceeding 40% was realized in the perovskite/PDPP3T:PCBM-based PPSC. The PCE in the optimized perovskite/PDPP3T:PCBM-based PPSC device reaches over 12%, which is much higher than that of solar cells based on PDPP3T:PCBM (~6.2%) and perovskite/ PCBM (~10.3%). Further modifications to the contacts of the BHJ/perovskite and the BHJ/metal interfaces are being tested in an effort to achieve better device efficiencies. Our results indicate that the photoresponse region and the device performance of PPSCs can be effectively manipulated by screening small band gap polymers in bulk-heterojunction systems. Most importantly, the SBG polymer:fullerene BHJ absorbers offer more opportunities to realize higher efficiencies in conventionally structured perovskite/fullerene solar cells and other types of single or multiple junction hybrid solar cells, considering the increasing efforts dedicated to developing SBG polymers. It is highly expected that insertion of an SBG BHJ layer will have a positive impact on the photovoltaic performance of solar cell devices based on wide band gap perovskites, such as CH 3 N-H 3 I x Br 3-x , CH 3 NH 3 PbBr 3 .
EXPERIMENTAL SECTION
Materials CH 3 NH 3 I and PDPP3T (M n = 102.3 kg mol −1 , PDI=2.5, condition: 140°C, 1,2,4-trichlorobenzene) was sourced from Solarmer Energy, Inc. and PbCl 2 was purchased from Alfa Asear. PDTP-DFBT was synthesized in our laboratory using Yang's report [45] as a reference. The other chemicals are commercially available products and used without any further purification. The PEDOT:PSS (AI 4083) and high purity Al are commercially available products. All of the commercially available compounds and solvents were used without any further purification.
Solar cell fabrication
The procedures for the fabrication of control perovskite/ PCBM solar cells were derived from the previous report by You et al. [6] CH 3 NH 3 I and PbCl 2 were mixed in anhydrous N,N-dimethylformamide (DMF) with a molar ratio of 3:1. The perovskite precursor solution was stirred at 60°C overnight and then filtered using 0.45 μm polytetrafluoroethylene (PTFE) filters prior to use in device fabrication. Experimentally, the processing details of the PDPP3T/ PCBM and PDTP-DFBT/PCBM BHJ absorbers are consistent with the reported methods [40, 41, 45] . The fabrication procedures for the PPSC devices are as follows: ITO-coated glass substrates were cleaned stepwise in detergent, water, acetone, and isopropyl alcohol under ultrasonication for 15 min each before being subsequently dried in an oven for 30 min. A thin layer (ca. 
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was spin-coated onto the ITO surface, which was pre-treated using ultraviolet ozone for 15 min. After being baked at 150°C for approximately 20 min, the substrates were transferred into a nitrogen-filled glove box (<1 ppm O 2 and H 2 O). Based on our previous work [40, 41] , a ternary solvent mixture of o-dichlorobenzene (DCB), chloroform (CF) and 1,8-diiodooctane (DIO) is the best solvent system to process the PDPP3T:PCBM photoactive layer [40, 41] . This solvent system was also used in this work with an identical volume ratio of 76:19:5. Then, 90 nm-thick BHJ layers with different polymer/PCBM weight ratios were deposited on the top of 340 nm-thick perovskite layers. Finally, Al electrodes with a thickness of 100 nm were deposited on the top of the BHJ layers by thermal evaporation in a high purity vacuum. The completed PPSCs were tested in a N 2 -purged glove box (<10 ppm O 2 and H 2 O).
Sample characterization
The J-V characteristics of the solar cell devices were measured using a Keithley 2400 Source Measure Unit under one sun, AM 1.5 G (100 mW cm −2 ), and an XES-70S1 (SAN-EI ELECTRIC CO., Ltd.) solar simulator (AAA grade, 70 mm × 70 mm photobeam size) with 2 cm × 2 cm silicon reference cell (KG3 filter [46] , calibrated by the National Institute of Metrology) purchased from Enli Technology Co., Ltd. The spectral mismatch factor was calculated to be unity. The active area of the device was defined with a metal aperture mask of approximately 4.15 mm 2 . The EQE data were measured with a QE-R3011 Solar Cell Spectral Response Measurement System (Enli Technology Ltd., Taiwan). The surface morphology was measured using a Nanoscope V (Vecco) atomic force microscope (AFM) in tapping mode. For reliability, the preparation conditions of the samples used for the morphological studies are identical to those used for device fabrication.
